In this paper, we evaluate the performance of a disc filter that retains microplastic (MP) particles from treated wastewater. A focal plane array-based Fourier transform infrared imaging technique enabled MP quantification and an in-house-built software (MPhunter) facilitated automatic analysis of the obtained infrared spectra. The disc filter retained 89.7% of particles, and 75.6% of their mass. This removal efficiency is comparable to removal rates reported by previous studies. However, the presence of an unexpectedly large number of MP particles whose size substantially exceeded the pore size of the disc filter suggests that particles could either bypass or pass through the filter mesh, somewhat diminishing the performance of the filter. The concentration of MPs in the effluent was 3 MP/L, corresponding to an estimated mass concentration of 0.31 µg/L. The annual MP discharge from the studied WWTP after the disc filter was estimated to be 1.1 kg in 2017. It was hence not a significant contributor to MP emissions in Denmark. Although the operation of the disc filter seems to have been disturbed, it nonetheless achieved a high MP removal rate. Therefore, we conclude that it is a suitable technology to decrease the concentration of discharged MPs in wastewater effluents.
Introduction
Microplastic (MP) pollution has gained increasing attention in recent years. Microplastics (MPs), plastic particles in the size range of 1-5000 µm, are often divided into two types: primary MPs are produced as raw material for plastic production or as additives to personal care products, while secondary MPs are formed by fragmentation of larger plastic items by, for example, UV-light and mechanical friction [1, 2] . Both primary and secondary MPs can spread over substantial distances by wind or currents due to their low weight and small size [3] . Consequently, studies have reported the ubiquitous occurrence of MPs in marine, freshwater and terrestrial habitats from the tropics to the arctic regions [4] , and the estimated mass of 0.3-5 mm-sized MPs floating in the world's oceans alone is 7000-35,000 tons [5, 6] . The increase of plastic waste accumulating in landfills and the environment is expected to increase in the coming years [7] , and this entails the rise of MP concentrations in the ecosystem as well.
The widespread presence of MPs is of concern due to their potentially harmful impacts on the various organisms they encounter [8] . Although current knowledge gaps about the toxic effects of MPs hamper understanding of the significance of MP impact on the ecosystem [9] , studies have shown that they can damage the organisms physically and chemically upon ingestion [10] . As such, MPs can cause malnutrition and interfere with the organisms' biochemical processes by introducing potentially toxic compounds into the body, through either leaching plastic additives or acting as vectors for organic pollutants [11] .
The principal sources of MPs are yet to be ascertained, but studies have proposed that transportation, e.g., the abrasion of car tires, erosion of painted surfaces as well as degradation of plastic surfaces, and unconfined plastic litter contribute to MP pollution [12, 13] . Numerous studies have scrutinized the role of wastewater treatment plants (WWTPs) as an urban point source of MPs [14] [15] [16] . That is because WWTPs collect vast volumes of wastewater of various origin such as industrial plants and households, along with stormwater runoff, which potentially contains considerable amounts of MPs [13, 14] . Although research has shown that WWTPs remove 96-98% of the inflowing MPs [17] [18] [19] , the limited percentage of MP particles discharged to receiving water bodies adds up to a substantial amount, owing to the large flux of wastewater [14, 15] . For instance, annual wastewater production in Denmark alone is approximately 700 million m 3 year −1 [20] . Therefore, further treatment of effluent wastewater might be required to decrease the amount of MPs released by certain WWTPs to the environment.
CTo increase a WTTP's effectiveness at trapping MPs, a filtration step can be added. For instance, disc filters are already in use at certain WWTPs as a final polishing step, removing particles and associated pollutants from biologically treated wastewater to ensure that the quality of effluent wastewater meets regulatory requirements [21, 22] . Disc filters consist of a stack of round filter meshes in a closed tank [21] . The filter mesh is a woven material, typically polypropylene, polyester or polyamide, of 10−40 µm pore size. Particles from wastewater are retained by the filter mesh and by a sludge cake that forms progressively on the filters surfaces [21, 22] . The cake is periodically removed by high-pressure back-flushing as the increasing sludge deposit slows down the filtration process [22] .
The goal of the present study was to investigate the efficiency of a disc filter concerning MP removal. To this end, the quality and quantity of MPs in water prior to disc filter treatment was compared with MPs that had passed through a disc filter.
Materials and Methods

Sampling
We sampled water at the wastewater treatment plant operated by Billund Vand and Energi A/S in Grindsted, Denmark. In 2017, the treatment plant received an average of 10,040 m 3 day −1 wastewater from households and industries with a chemical oxygen demand (COD) of 571 mg L −1 . Influent wastewater is treated by primary sedimentation, activated sludge processes for biological nutrient removal, and secondary clarification. The concentration of suspended solids (SS) of secondary clarifier effluent is typically 20 mg L −1 . This effluent undergoes further treatment by a Hydrotech HF2220 disc filter that consists of 13 discs. Each disc has a polyester mesh of 18 µm pore size and a capacity of 1200 m 3 h −1 . The disc filter effluent contains 3-8 mg L −1 SS.
In order both to estimate the discs' effectiveness at filtering out solids and to collect solid material for further analysis, we first filtered secondary clarifier effluent before it entered the disc filter (this water will be described as "before filter," or BF). Water was pumped into a custom-made large-scale water-sampling device [23] . The device was made of stainless steel to decrease possible plastic contamination deriving from the equipment. It consisted of a housing that contained a single, removable 10 cm diameter, 10 µm pore size stainless steel mesh to filter out solids from the water. We stopped sampling when three filters had clogged. The combined mass of material on these three filters allowed sufficient material for the subsequent MP analysis. By collecting material on three filters, we furthermore covered a couple of hours of continuous outflow, which we deemed would average out short term variabilities in the MP content of the water. Disc filter effluent was sampled by the same approach ("after filter," or AF).
Sample Preparation
MPs were then extracted from the solids thus collected. Extraction involved a purification procedure based on the method described in [23] . In brief, to detach the gathered solids from the filters, the filters were sonicated into filtered demineralized water containing 0.15 g L −1 sodium dodecyl sulfate (SDS). The resulting suspensions were incubated first with cellulolytic enzymes and then with proteolytic enzymes to eliminate most organic materials from the sample matrix. Remaining organic matter was oxidized by hydrogen peroxide catalyzed by iron (II). Next, MPs were separated from the inorganic particles in a zinc chloride solution (1.70 g cm −3 ). Finally, the extracted MPs were gathered in 5 mL 50% ethanol.
In order to minimize MP contamination from the equipment used for sampling and sample preparation, all utensils were flushed with Milli Q water three times before use. Whenever possible, we used tools made of glass or metal, or coated with PTFE, instead of plastic, and then excluded the material PTFE from the analysis. Sample containers were covered with aluminum foil to reduce airborne contamination, and steel filters were muffled at 500 • C before usage.
Analysis
A Cary 620 FT-IR microscope was coupled with a Cary 670 IR spectroscope (Agilent Technologies, Santa Clara, CA, USA), thus enabling an FPA-based µFT-IR imaging technique to be used to analyze the extracted particles. We deposited three 200 µL aliquots from each sample (that is, from the BF sample and from the AF sample) onto Ø13 mm zinc selenide transmission windows for analysis. Before each sample scan, we collected the IR background absorption by 120 co-added scans on a clean window in the spectral range of 3850-950 cm −1 at 8 cm −1 resolution. Subsequently, we scanned the entire area of all windows and collected spectra of the full windows by 30 co-added scans with the same settings as for the background scan.
We used a 25x Cassegrain objective, creating 3.3 µm pixel resolution on the 128 × 128 Mercury Cadmium Telluride (MCT) FPA detector in order to obtain spectra of the particles. Afterwards, we analyzed the collected infrared map with an in-house built software called MPhunter, which allows for the analysis of each pixel of the map [23] . The software applies Pearson correlations to compare the sample's spectra to a database composed of 113 reference spectra, including six relevant natural materials and 32 polymer types (Table 1) . It assigns the material with the highest correlation score to each pixel and re-constructs the particle based on the scores of adjacent pixels. MPhunter also estimates the size and mass of the identified MPs as described in [19] . In short, the major dimension, defined as the particle's longest axis, was measured directly, while the minor dimension was estimated based on the particle's area and an assumption of elliptical particle shape. The mass was calculated from the density of the polymer and an assumption that the particle was of ellipsoidal shape. The software identified some 1-pixel areas as particles, but we considered these to be false positives and set a threshold of a minimum of three pixels to comprise a particle [23] , resulting in a minimum particle length of 6.6 µm (longer axis). However, as the filter mesh used to collect the particles was 10 µm, the size limit of detection should be viewed as being 10 µm.
Statistics
We used the software R v3.5.1. [24] for statistical analysis. We executed all statistical tests on log-transformed data. We first assessed normality of the dataset with the Shapiro-Wilk normality test followed by three nonparametric tests, the Kruskal-Wallis H-test, Wilcoxon rank sum test and Dunn's test [25] (as a post hoc test of the Kruskal-Wallis H-test) to evaluate significant differences between the samples. The significance level was 0.05 for all statistical tests.
Results
Removal Efficiency
Two hundred liters of wastewater was filtered before the disc filter (BF) and 1.6 m 3 after the disc filter (AF). We identified 701 MPs in total in the triplicate aliquots of the BF sample and 560 MPs in the aliquots of the AF sample. As we quantified background contamination in the same laboratory, at the same time, and applied virtually identical sampling and sample treatment methods as well as quality assurance measures, the results of [23, 26] led us to expect that approximately 6-8 MPs were likely to have derived from background contamination. Since the contamination rate was approximately 1%, we did not correct the data for contamination in further calculations. Table 2 shows the calculated concentration of MPs in wastewater before and after the disc filter by both number and mass of particles, as well as the removal efficiency of the disc filter based on both parameters. The solids from the three filters of each sample were combined during sample preparation, resulting in one particle suspension from the BF and one from the AF sample. While three aliquots had been scanned from each sample, these do not represent true triplicates of the sampled waters, and the MP concentrations were hence calculated by summing up the number of MPs and their estimated mass. Table 2 . Removal efficiency of the disc filter. Concentration of MPs in mass and number of particles in effluent wastewater before it entered the filter of 18 µm pore size, and after leaving the disc filter. The particles were collected on 10 µm filter meshes from the wastewater. Figure 1 shows the distribution of polymers in the BF and AF samples based on the number and mass of particles. In both regards, the relative fraction of all polymer types of the BF sample differed from those of the AF sample. In the BF sample, polyethylene (PE) was the most abundant (42%), followed by polyester (28%). Only 6% of the BF sample's particles were PVC, yet PVC contributed 65% to this sample's MP mass. Fifty-eight percent of the AF sample's particles were polystyrene (PS), which also comprised 75% of the sample's mass. The concentration of PS was 90 ng L −1 in the BF sample, corresponding to 1 MP L −1 , which is lower than the 220 ng L −1 and 1.6 MP L −1 measured in the AF sample. The larger deviation by mass concentration than by number of particles stems from differences in the size of particles before and after the filter. The relative fraction of all the polymer types by number of particles was different from the fraction by mass in both samples, showing no clear correlation based on either parameter. 
Polymer Composition of MPs
Particle Size
We describe the size of a particle by its major and minor dimensions, respectively specified as the particle's longest axis and the longest axis perpendicular to that axis. Data on the major and minor dimension of both BF and AF samples were positively skewed, highlighting that small particles were more abundant than large ones in both samples ( Figure 2) . Table 3 summarizes parameters that describe particle size, showing that MPs in the AF sample were larger than in the BF sample. As the data was not normally distributed (p = 2.71 × 10 −10 for the log major and p = 1.00 × 10 −12 for the log minor dimension), we performed the Wilcoxon rank sum test to determine whether the observed dimensional differences between the BF and AF samples were significant. The test resulted in pvalues of 1.71 × 10 −14 for the major and 6.54 × 10 −15 for the minor dimension, indicating that the difference in the size of MPs in the two samples was significant. Figure 3 demonstrates that the dissimilarity arises from a greater proportion of particles in the AF sample that have larger major and minor dimensions, compared to the BF sample. As the particle's minor dimension determines whether it can pass through the filter mesh, the disc filter should have retained MPs whose minor dimension exceeded the 18 µm pore size of the mesh. Nevertheless, microplastic particles larger than 18 µm (minor dimension) were present in the AF sample.
. Figure 1 . The distribution of polymers based on the number of particles (A) and mass of particles (B) in wastewater before (BF) and after (AF) disc filter treatment. The polymer group "other" denotes polycarbonate, polyurethane, ABS, epoxy, phenoxy resin, cellulose acetate, and acrylate MPs collectively.
We describe the size of a particle by its major and minor dimensions, respectively specified as the particle's longest axis and the longest axis perpendicular to that axis. Data on the major and minor dimension of both BF and AF samples were positively skewed, highlighting that small particles were more abundant than large ones in both samples ( Figure 2) . Table 3 summarizes parameters that describe particle size, showing that MPs in the AF sample were larger than in the BF sample. As the data was not normally distributed (p = 2.71 × 10 −10 for the log major and p = 1.00 × 10 −12 for the log minor dimension), we performed the Wilcoxon rank sum test to determine whether the observed dimensional differences between the BF and AF samples were significant. The test resulted in p-values of 1.71 × 10 −14 for the major and 6.54 × 10 −15 for the minor dimension, indicating that the difference in the size of MPs in the two samples was significant. Figure 3 demonstrates that the dissimilarity arises from a greater proportion of particles in the AF sample that have larger major and minor dimensions, compared to the BF sample. As the particle's minor dimension determines whether it can pass through the filter mesh, the disc filter should have retained MPs whose minor dimension exceeded the 18 µm pore size of the mesh. Nevertheless, microplastic particles larger than 18 µm (minor dimension) were present in the AF sample. difference in the size of MPs in the two samples was significant. Figure 3 demonstrates that the dissimilarity arises from a greater proportion of particles in the AF sample that have larger major and minor dimensions, compared to the BF sample. As the particle's minor dimension determines whether it can pass through the filter mesh, the disc filter should have retained MPs whose minor dimension exceeded the 18 µm pore size of the mesh. Nevertheless, microplastic particles larger than 18 µm (minor dimension) were present in the AF sample.
. Figure 4 shows the distribution characteristics of the logarithm of the major dimension for the most copious polymer groups in the BF and AF samples. PVC and PS particles had the largest median major dimension in both samples. After performing the Kruskal-Wallis H-test (p = 2.2 × 10 −16 ), the Dunn's test showed that PVC and PS particles were significantly larger than MPs of other polymer groups, in both BF and AF samples. Furthermore, the size of PVC particles was significantly different from the size of PS particles. Nevertheless, the BF sizes of PE, PP, PS, and PVC particles before the filter were not significantly different from their AF sizes, as the Wilcoxon rank sum tests resulted in p-values exceeding the significance level. The exception was polyester: the same test yielded p = 3.39 × 10 −4 for polyester, which indicates a difference in the sizes of BF and AF polyester samples that rise to the level of statistical significance. Figure 4 shows the distribution characteristics of the logarithm of the major dimension for the most copious polymer groups in the BF and AF samples. PVC and PS particles had the largest median major dimension in both samples. After performing the Kruskal-Wallis H-test (p = 2.2 × 10 −16 ), the Dunn's test showed that PVC and PS particles were significantly larger than MPs of other polymer groups, in both BF and AF samples. Furthermore, the size of PVC particles was significantly different from the size of PS particles. Nevertheless, the BF sizes of PE, PP, PS, and PVC particles before the filter were not significantly different from their AF sizes, as the Wilcoxon rank sum tests resulted in p-values exceeding the significance level. The exception was polyester: the same test yielded p = 3.39 × 10 −4 for polyester, which indicates a difference in the sizes of BF and AF polyester samples that rise to the level of statistical significance. 
Discussion
Removal Efficiency of the Disc Filter
The studied disc filter substantially decreased the concentration of MPs in effluent wastewater. However, other studies have shown that disc filters of similar mesh size can achieve removal rates up to 99% of MP particles [16, 22] , which is higher than our observed 89%.
We found higher MP concentrations in the effluent from the filter, compared to other studies that report 7 × 10 −3 MP L −1 and 0.03 MP L −1 [21, 22] . On the one hand, the size of the studied MPs can lead to such differences. For instance, [21] investigated the removal of MPs > 300 µm by a disc filter of 15 µm mesh size. Given that the concentration of MPs increases exponentially with decreasing size, one is prone to find fewer large particles than small ones, per unit volume. As the sampled volumes of wastewater are similar in the two studies, the dissimilarity in the measured MP concentrations is presumably associated with the different sizes of the examined MPs.
In addition, some analytical techniques are more effective at identifying MP particles than others. Although [22] addressed similar size ranges of particles, they reported a noticeably lower MP concentration in effluent wastewater after disc filters of 10 µm and 20 µm mesh size. Applying light microscopy in their study as an identification technique could have resulted in underestimating MP concentrations, as this approach is prone to higher uncertainty as particle size decreases [27] . The identification method used in the present study (imaging-µFTIR) can identify the material composition of particles down to the size of 10 µm more precisely and it is widely recognized as a suitable technique for analysis of small MPs [19, 23, [28] [29] [30] .
Particle Size
The AF sample contained MPs that were larger, in both their major and minor dimension, than the mesh size of the disc filter. Studying the removal of nematode eggs, [31] found that eggs larger than the pore size of the disc filter could pass through the mesh. This can be associated with the flexible nature of the filter cloth. Namely, high backflush pressure can distort the mesh and press 
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Removal Efficiency of the Disc Filter
Particle Size
The AF sample contained MPs that were larger, in both their major and minor dimension, than the mesh size of the disc filter. Studying the removal of nematode eggs, [31] found that eggs larger than the pore size of the disc filter could pass through the mesh. This can be associated with the flexible nature of the filter cloth. Namely, high backflush pressure can distort the mesh and press through particles greater than the pore size of the mesh [29] . It is also plausible that proper oriented and slender MPs with a diameter (minor dimension) less than 18 µm can pass through the mesh, even though their length (major dimension) exceeds that threshold [32] . However, a more likely explanation for the presence of AF MPs greater than the mesh size in both dimensions is that the specific filter at the studied WWTP was somewhat incapacitated. The filter mesh might have been faulty due to the continuous mechanical stresses it is subject to, which wears out the fabric causing disruptions that allow larger particles to pass through, or perhaps unintended bypass of wastewater has decreased the filter's performance [32] .
The size of MPs of the various polymer groups is not significantly different in the BF and AF samples, except for polyester. The differing size of polyester MPs can be traced back to the decreased number of small particles in the AF sample, compared to the BF sample, possibly owing to cake filtration. Another probable explanation is that polyester fibers shed from the filter cloth and thus were among the large polyester MPs we collected from the AF sample. As fibers are rather long in their major dimension compared to the minor dimension, the ratio of the two dimensions is expected to differ in the two samples in that case. However, the median of the ratio of the polyester particles in the BF and AF sample was principally the same (data not shown), which confutes the assumption.
Polymer Composition
Polyester, PE and PS were the dominating polymer types in both BF and AF samples corresponding to other studies finding MP particles mostly of these polymers in effluent wastewater [14, 18, 22] . They also reported larger fractions of PA and acrylic particles compared to our study, which can be related to the variation of wastewater.
The noticeably greater fraction of PVC by mass than by particle number in the BF sample can be related to the large size of the particles and the higher density of the material, as these two parameters were used for mass estimation. For the same reason, the larger size of PS particles also influenced their observed large mass fraction in the AF sample.
The identified MPs in both the BF and AF samples belong to the same polymer groups, albeit the proportion of the groups, relative to each other in each sample, varied by either mass or number of particles. Furthermore, the concentration of PS particles was larger in the AF sample than in the BF sample. As no sources of wastewater or stormwater treated by the studied WWTP are known to be sources of PS, the natural variation of wastewater might account for the higher abundance of PS in the AF sample, as well as for the different proportions of the other polymer groups between the BF and AF sample. Because the AF and BF samples were taken consecutively and not contemporaneously, even the short time-lag could have caused such a difference, owing to the considerable variability of wastewater quality.
The Role of Disc Filters in MP Removal
Extrapolating from the concentration of MPs in the sampled wastewater and the average wastewater flow in 2017, the disc filter at the studied WWTP received 1.05 × 10 11 MPs and reduced the number of discharged MPs by circa one order of magnitude by particle number. The disc system captured about 3.5 kg MP from the secondary effluent of the WWTP, containing 4.6 kg MP, and only 1.1 kg MP was released into the environment. This finding supports other studies that have shown that a disc filter is suitable for removing MPs, as well as other pollutants [33, 34] , from treated wastewater.
MPs accounted for a minor fraction of the SS reaching the receiving water body as the concentration of MPs related to SS was 6.35 × 10 −5 mg MP (mg SS) −1 in BF wastewater and 1.0 × 10 −4 -3.8 × 10 −5 mg MP (mg SS) −1 in AF wastewater. Furthermore, our study has shown that the studied WWTP cannot be considered as a significant contributor to MP pollution as the approximated annual MP load by treated wastewater on the aquatic environment in Denmark is 3 t [19] , and this treatment plant manages about 0.5% of all Danish wastewater.
Conclusions
Our study demonstrates that the studied disc filter retained the vast majority of MPs from the wastewater. Even though the results suggest that the filter's operation was somewhat compromised and some MP particles probably either bypassed or passed through the disc filter, it nonetheless achieved high removal efficiency of MPs and prevented 90 billion MPs from reaching the environment in a year. However, the necessity of implementing further wastewater treatment steps for the sole purpose of MP removal should be evaluated by comparing the contribution of a specific WWTP to MP discharge from other sources. 
